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Abstract 
 
Ultrasound disruption (7,500 and 15,000 kJ/kgTS) and Inverted Phase Fermentation -IPF- 
(enzymatic hydrolysis) were applied to sewage sludge. IPF is a novel technique for sludge 
thickening resulting in a clarified phase (“Liquid Phase” -LP-) beneath a thickened fraction (“Solid 
Phase” -SP-). An increased hydrolysis rate is obtained in both phases. Biochemical Methane 
Potentials after applying these pre-treatments were compared: 0.054 LCH4/gVSo for untreated 
sludge, 0.065 LCH4/gVSo for sludge pre-treated with ultrasound at 7,500 kJ/kgTS, 0.226 
LCH4/gVSo for the SP, and 0.264 LCH4/gVSo for the LP. Sludge pre-treated with ultrasound at 
15,000 kJ/kgTS did not reach the level of untreated sludge. 
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INTRODUCTION 
Sludge biomethanization may increase up to two orders of magnitude if a pre-treatment has been 
previously implemented to anaerobic digestion [1]. Sewage sludge is a complex substrate with varying 
proportions of water, bacterial cells, extracellular polymeric substances (i.e. carbohydrates, proteins, 
humic compounds, lipids, uronic acids and deoxyribonucleic acids), and other microscopic debris [2]. 
Thus, while for many substrates methane production is limited by the methanogenesis step, hydrolysis 
supposes the rate-limiting step for sewage sludge [3]. Scientific effort is focus on the overcoming of this 
difference by a pre-treatment. Apart from an enhanced kinetics, pre-treatments frequently produce more 
methane [1]. Many strategies have been employed as pre-treatments, these implying mechanical, thermal, 
chemical or biochemical processes. Among all the possibilities of pre-treatment, the choice is justified in 
terms of the economic balance and technical feasibility for each Waste Water Treatment Plant (WWTP) 
[4]. 
One advantage of ultrasound pre-treatment is the practicability of its implementation with an 
ultrasonicator device, being the specific energy the key. Ultrasound irradiation may be expressed in many 
technical terms, although the Specific Energy (Es) is generally employed [5]. The formula expressing the 
Es is described as: 
 
                           (1) 
 
where P = ultrasound power, t = time of exposure of the sample to ultrasound, V = volume of the sample 
pre-treated, and TSo = initial total solids. In summary, ultrasound pre-treatment, by effect of cavitation, 
produces cell disruption, hygienisation of the sludge and an increased solubility of the organic 
compounds, which often results in an increase in the biogas production [6]. 
 Enzymatic pre-treatments are broadly discussed in literature [7]. In 2008, Le et al. presented “Inverted 
Phase Fermentation -IPF-” as an enzymatic pre-treatment in which hydrolysis was achieved by promoting 
endogenous enzymes in the sludge [8]. IPF was initially implemented as a method for controlling 
pathogenic microorganisms, resulting in a reduction of 99.9% of Escherichia coli. However, there is no 
destruction of enzymes or other microorganisms responsible for the decomposition of organic matter. IPF 
is a technique for sludge thickening which takes advantage of the nascent bubbles in anaerobic heated 
sludge. Up to a two-fold increase in solids concentration is achieved employing this form of hydrolysis. 
As a result, a clarified phase (Liquid Phase -LP-) remains beneath the top thickened fraction (Solid Phase -
SP-). An increased hydrolysis rate is obtained in both phases [9]. 
The aim of the current research is to study the influence of the ultrasound disruption and IPF pre-
treatments on the methane production of sewage sludge. The effects of these pre-treatments were assessed 
by the Biochemical Methane Potential tests (BMP). The pre-treatments were chosen due to the possibility 
of implementation and relative low cost for real development in a Spanish WWTP. 
 
MATERIALS AND METHODS 
Sample collection 
Sludge samples were characterized on reception at the laboratory. These samples were collected prior to 
dewatering in the centrifuge of the WWTP (before addition of reagents). 
The WWTP is characterized by a maximum flow rate of 3,210 m
3
/h and a high load of wastewater of 
industrial origin. It only produces one type of sludge, which comes from biological treatment without 
previous primary settlement. The SRT is very short (around one day), while removal efficiencies are 
>75% SS and >65% BOD5. FeCl3 and a cationic polyelectrolyte are added prior to centriguation; 
subsequently, the sludge is sent to landfill disposal. FeCl3 is added not only for dewatering purposes, but 
also to enhance clarification in the secondary settling tank. 
 
Pre-treatments 
Ultrasound disruption 
Ultrasound disruption was applied to the sludge samples using an ultrasonicator Hielscher UP400S 
(power: 400 W, frequency: 24 kHz). Two specific energies were applied: 7,500 and 15,000 kJ/kgTS. This 
Es selection was made considering preliminary results obtained in the rank 3,500-21,000 kJ/kgTS [9]. 
 
Inverted phase fermentation (IPF) 
To carry out the IPF, 2 L plastic bottles were filled with fresh sludge. An outlet hose connected the bottles 
to a large flask containing water to achieve anaerobic conditions. The sludge was heated to 42 ⁰C for 48 
hours, achieving an effective separation of the phases by gas displacement (mainly due to the dragging 
caused by CO2). The phases were removed and characterised. 
 
Biochemical Methane Potential tests 
The anaerobic biodegradability tests were performed in 2 L glass bottles connected to 5 L Tedlar bags for 
biogas collection. The bottles were kept at 37 °C (mesophilic regime) during 32 days. 
To ensure the contribution of anaerobic microorganisms, mesophilic digestate from own continuous 
stirred-tank reactors co-digesting mixtures of sewage sludge, food waste and cattle manure was used as 
inoculum. The ratio between volatile solids provided by the sludge and those provided by the inoculum 
(VSsludge/VSinoculum) was approximately 3. 
After pre-treatment, sludge/inoculum mixtures were prepared and introduced (1.75 L) in the glass bottles. 
Prior to seal the recipients with rubber stoppers and silicone, each bottle was purged with N2 for a couple 
of minutes. All experiments were carried out in duplicates. Biogas volume and composition was measured 
in a daily basis. The assays were designed as follows: 
- Blank (inoculum; not shown, only for control) 
- Untreated sludge (raw sludge, without pre-treatment) 
- Pre-treated sludge with ultrasound at 7,500 kJ/kgTS 
- Pre-treated sludge with ultrasound at 15,000 kJ/kgTS 
 - Pre-treated sludge with IPF: Solid Phase (SP) 
- Pre-treated sludge with IPF: Liquid Phase (LP) 
- Pre-treated sludge with IPF: subsequent mixture of Solid and Liquid Phases (MIXTURE) 
As the volume of sludge produces different amounts of SP (around 40%) and LP (around 60%), it may be 
interesting to give the methane production for the joint phases (i.e. the sludge). Therefore the overall yield 
considering the initial amount of sludge pre-treated with IPF is also provided as “SP+LP”. 
 
Analytical methods 
Total solids (TS) and Volatile solids (VS) 
The TS concentration was carried out by weighing the remaining solid after drying a known volume of 
sample to 105 °C for 24 hours. The VS concentration was performed by the difference between TS and the 
fixed solids that remained after carrying the sample calcination at 550 °C for 2 hours. This procedure was 
in agreement with Method 2540 of the Standard Methods for the Examination of Water and Wastewater 
[10]. 
 
Chemical oxygen demand (COD) 
Both the total Chemical Oxygen Demand (tCOD) and the soluble (sCOD) were determined using the 
closed reflux colorimetric method, whereby the organic matter is oxidized with a mixture of potassium 
dichromate in strongly acid medium in the presence of Ag2SO4 and HgSO4 at 150 °C. After digestion of 
the sample for 2 hours, the Cr
3+
 formed is determined colorimetrically using an ultraviolet-visible 
spectrophotometer Perkin Elmer Lambda 35 Visible-UV system, at a wavelength of 600 nm. This 
procedure corresponds to Method 5222 of the Standard Methods for the Examination of Water and 
Wastewater [10]. 
Samples were previously centrifuged (3500 rpm, 15 minutes) and filtrated (1.2 µm pore filter paper) for 
the sCOD [8]. 
 
Ammonium nitrogen (NH4
+
-N) 
Ammonium nitrogen was determined using an Orion 95-12 selective electrode for ammonium. 
 
pH 
pH measurements were performed at 20 °C using a pH-meter CRISON Model 507. 
 
Total alkalinity (TA) and Volatile acidity (VA) 
A known volume of the sample was centrifuged (4350 rpm, 15 minutes) and the pH of the supernatant was 
then measured. It was titrated with H2SO4 (0.1 N) from the initial pH to pH=4. The H2SO4 volume 
consumed led to the TA, expressed in gCaCO3/L. After acidification to pH=3.5, the sample was heated to 
boiling for 3 minutes. After cooling, it was titrated with NaOH (0.1 N) to pH=4 and, finally, to pH=7. 
NaOH volume consumed in both cases led to the VA, expressed in gCH3COOH/L. This procedure 
corresponds to Method Number 805 [11]. 
 
Biogas composition and volume 
Biogas composition was determined with an Agilent 7890A gas chromatograph using a Thermal 
Conductivity Detector and a Porapack N packed column plus a molecular sieve. The temperature ramp 
was: starting 35 ºC (1.5 min), increasing up to 55 ºC at a rate of 1.5 ºC/min. Biogas was collected in 
Tedlar bags and volume was measured with a flow meter. All the gas volumes in this paper were 
converted to standard temperature and pressure (273.15 K and 101.3 kPa). 
 
 
  
 RESULTS AND DISCUSSION 
Physico-chemical characteristics of the sludge 
The composition of the sludge sample is shown in Table 1. Notice that the organic matter content of the 
sludge is very high (81.42% of solids are volatile). As expected, most of this organic matter is insoluble 
(sCOD/tCOD=4.39%) [9]. 
 
Table 1. Composition of the sludge sample 
  
 Value Units 
TS 61.72 (6.17%) g/kg 
VS 50.25 (5.03%) g/kg 
VS/TS 81.42 % 
sCOD 4.00 g/L 
tCOD 91.16 g/L 
sCOD/tCOD 4.39 % 
N-NH4
+ 
0.09 g/L 
pH 5.3 - 
TA 1.58 g CaCO3/L 
VA 2.16 g CH3COOH/L 
VA/TA 1.37 - 
 
Table 2 shows the composition of the two phases obtained after pre-treating the sludge with IPF. It can be 
observed that the solids are concentrated in the SP, increasing from 6.17% to 12.59%, while the LP only 
contains 0.61%. This fact may be seen in Figure 1. 
 
Table 2. Composition of the solid and liquid phases after IPF 
 
 Solid Phase Liquid Phase Units 
TS 125.93 (12.59%) 6.10 (0.61%) g/kg 
VS 101.45 (10.15%) 4.51 (0.45%) g/kg 
VS/TS 80.56 73.93 % 
sCOD 13.82 5.54 g/L 
tCOD 170.61 15.74 g/L 
sCOD/tCOD 8.10 35.20 % 
N-NH4
+ 
0.88 0.22 g/L 
  
  
 
(a) Before IPF    (b) After IPF 
 
Figure 1: Pictures of the sludge - a) before IPF - b) after IPF 
 
Biochemical Methane Potential tests: methane production 
The duplicates from each experiment achieved low scattered results of biogas production (standard 
deviations were less than 5%). The biodegradation of VS and tCOD were above 85% in most experiments. 
Methane content in the biogas ranked between 50-70%. 
Figures 2, 3 and 4 show the averaged methane for the two trials. Figure 2 shows the cumulative methane 
production. The trials were held for 32 days, but from day 15 the methane production was practically 
negligible. For this reason, Figures 2, 3 and 4 show the methane production until the 15
th
 day. Due to the 
poor results obtained by the mixture of the SP and LP (i.e. “IPF (MIXTURE)”), leading to lower methane 
production than untreated sludge (Figure 2), no further discussion on the mixture will be considered 
onwards. This situation may have been due to the methanogenesis inhibition by excess volatile fatty acids 
when mixing the phases. Anyway, a major interest of conducting IPF lies in the effective separation of 
phases and subsequently different processes, so authors consider that the mixture is worthless for our 
purpose. 
 
  
Figure 2: Cumulative methane production (standard temperature and pressure) 
 
 
Figure 3: Daily methane production (standard temperature and pressure) 
 
Figure 3 shows the daily methane production. When the sludge was pre-treated with IPF, methane began 
to appear since the first day of the trial; while the untreated sludge or ultrasonicated sludge produced 
methane since the fourth day. 
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 The specific methane production -SMP- (litres produced per gram of VSsubstrate) is shown in Figure 4. In 
comparison to the untreated sludge, the lowest Es (7,500 kJ/kgTS) produced a slight increase in the SMP. 
On the contrary, when applying the highest Es (15,000 kJ/kgTS) the effect was the opposite. The 
reduction of the methane production with highly ultrasonicated sludge has been observed elsewhere [12]. 
The optimum Es is not the highest Es. Indeed the highest SPM does not match the highest Es. Even there 
may be some decoupling between the organic matter solubilisation and the methane production [13]. 
Higher SMP in the sludge pre-treated with IPF can be clearly observed. Comparing the SMP related to the 
initial sludge, this SP production is multiplied by 3.68, obtaining 0.197 LCH4/gVSo; in turn 9.90 
LCH4/kgwet sludge. Notice the remarkable SMP of the LP: 0.264 LCH4/gVSo. 
These values represent the methane potential recovered from anaerobic biodegradability tests 
(discontinuous assays). At industrial scale, the anaerobic digestion process is carried out continuously, 
resulting in higher yields of methane [14]. Notwithstanding, the latter does not mislead the results for 
comparison of the BMP of different pre-treatments. 
 
 
Figure 4: Cumulative specific methane production (standard temperature and pressure) 
 
CONCLUSIONS 
The SMP increased up to 268% in the sludge pre-treated with IPF, what suggests the profitability of the 
pre-treatment. The results encourage researchers to continue with energy balances as IPF only requires 
heating at 42 °C for 48 hours. Since the phase separation is sooner achieved, this period might be reduced. 
In this event, the sCOD, solids and BMP would ensure the performance of the “short duration” IPF. 
The increase in the SMP obtained by ultrasound pre-treatment at 7,500 kJ/kgTS reached 21%. 
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